The use of benchmarking in the management of healthcare facilities enables immediate comparison between hospitals. Benchmarking allows ascertaining their expected energy consumption and estimating the possible savings margin. In the 2005-2015 period, 90 EU Eco-Audits of 23 public hospitals in Germany were studied to analyze the energy consumption related with weather conditions, built surface area, gross domestic product (GDP), geographic location (GL), bed numbers, and employee numbers. The results reveal that the average annual energy consumption of a hospital under normal conditions, both climatic and operational, is 0.27 MWh/m 2 , 14.37 MWh/worker, and 23.41 MWh/bed. The indicator dependent on the number of beds proved to be the most suitable as a reference to quantify the energy consumption of a hospital.
Introduction
Hospitals and healthcare centers actively contribute to the global emission of potentially harmful gases and particles into the atmosphere. According to Eckelman and Sherman (2016) [1] , the US health sector was responsible for many air-pollution emissions and impacts (acid rain (12%), greenhouse gas emissions (10%), air pollution (10%), air pollutants (9%), stratospheric-ozone depletion (1%) and carcinogenic and noncarcinogenic air toxics (1%-2%)). These authors also highlighted that hospitals are the second most energy-consuming commercial buildings in the country, after the food service.
The total annual expenditure of about 2100 German hospitals is about EUR 60 billion, of which EUR 1.5 billion is spent on energy consumption. On average, Germany consumes around 6000 kWh of electricity and 29,000 kWh of heat per bed per year, which corresponds to the annual heating requirement of two single-family houses [2] . This means a hospital in Germany could easily spend EUR 500,000 per year in energy. Depending on their date of construction and the size, it is estimated that around 40% of electricity and 32% of heat could be saved, depending on the condition of the existing facilities, which in some cases do require some renovation [2] . A study by Christiansen et al. [3] revealed that the total gross expenses for German hospitals amounted to around EUR 87 billion, of which EUR 33.5 billion corresponded to material costs. Water and energy accounted for 6.6% of such expenditures, leading to a total of EUR 2.2 billion.
A study of healthcare establishments by Daschner et al. (2001) [4] showed that most of the air emissions from such installations are generated in the production and consumption of energy. This study also revealed that the generation of heat per bed per year in German hospitals required an energy input of 17,000,000 MWh.
Results
This section first presents the correlation analyses corresponding to the morphological analysis of hospitals and the studies that analyze the average annual energy consumption and the indicators considered in the study (number of beds, built surface area, and number of workers) [13] . It then explains the results of the analysis of variance (ANOVA), according to the factors listed in Table 1 . Third, baseline indicators are proposed to measure the energy consumption of a hospital regarding the indicators analyzed. 
Factors Distribution Regarding Factors
Hospital category based on number of beds (HCNB) HCNB 1: <200 beds HCNB 2: 200-500 beds HCNB 3: 500-1000 beds HCNB 4: >1000 beds
Gross domestic product (GDP) GDP 1: €35,001-€40,000 GDP 2: €40,001-€45,000 GDP 3: >€45,001
Heating degrees-day year (HDDY) Figure 1 shows the relationship between the built surface area and number of hospital beds in the hospitals analyzed in the sample. It shows a high correlation between both variables, which implies that all the hospitals analyzed are similar from a morphological point of view. Figure 1 shows the relationship between the built surface area and number of hospital beds in the hospitals analyzed in the sample. It shows a high correlation between both variables, which implies that all the hospitals analyzed are similar from a morphological point of view. The relation between the number of beds and the number of workers in a hospital was also analyzed, and the correlation shown in Figure 2 was found. This confirms that all the hospitals analyzed are similar from a morphological point of view. The relation between the number of beds and the number of workers in a hospital was also analyzed, and the correlation shown in Figure 2 was found. This confirms that all the hospitals analyzed are similar from a morphological point of view. The equation that characterizes the regression line can be seen in Figure 3 . It defines the relationship between the average annual energy consumption in terms of the built area of each hospital, with EC being the value of the average annual energy consumption expressed in MWh. A and the value of the built area of each hospital are expressed in m 2 . The equation that characterizes the regression line can be seen in Figure 3 . It defines the relationship between the average annual energy consumption in terms of the built area of each hospital, with EC being the value of the average annual energy consumption expressed in MWh. A and the value of the built area of each hospital are expressed in m 2 . The equation that characterizes the regression line can be seen in Figure 3 . It defines the relationship between the average annual energy consumption in terms of the built area of each hospital, with EC being the value of the average annual energy consumption expressed in MWh. A and the value of the built area of each hospital are expressed in m 2 .
Morphological Analysis of Hospitals

Correlation between Average Annual Energy Consumption and Built Surface Area, Number of Workers, and Number of Beds
The negative coefficient corresponds to the independent term of the regression lines. It is true that if the variable (abscissa axis) is null (built surface area, number of workers, or number of beds), the regression lines obtained indicate that the energy consumption of the hospital is negative, this circumstance being impossible. The regression line must be considered as approximate adjustments and valid for values of the abscissa among the values of the evaluated data and, therefore, not valid for data in the extremes, i.e., for values close to zero or for values much higher than the maximum values obtained from the data analyzed. Figure 4 shows a scatter plot representing energy consumption and the number of workers in a hospital. Again, a high linear correlation between variables is observed (R 2 = 0.9106). It can, therefore, be concluded that there is a dependent relationship between the number of workers and the average annual energy consumption.
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Results of the Statistical ANOVA
The results obtained from the statistical ANOVA are presented below. This analysis studies the relationship between the factors listed in Table 1 and the average annual energy consumption in a German hospital, in relation to the three indicators analyzed (built area, number of workers, and number of beds). The value of p was compared with the level of significance to assess the null hypothesis and determine whether any of the differences between the means were statistically significant. A significance level of α = 0.05 has been considered for this study. If the p-value was less than or equal to the level of significance, i.e., p-value ≤ 0.05, the null hypothesis could be rejected. In this case, it is possible to conclude that not all population means are equal. If the value of p was greater than the level of significance, there was not enough evidence to reject the null hypothesis. Table 2 shows the p-values obtained in the analysis of the variance, considering the type of heating degrees-day year (HDDY) and cooling degrees-day year (CDDY) as factors, which do not show significant differences with the three indicators used. Significant differences were also not found in the climatic zone where the hospital is located. However, there are some factors in which a direct relationship between these factors and energy consumption in hospitals was identified: Hospital category depending on the number of beds (HCNB), gross domestic product (GDP), and geographic location (GL) and for the period 2005-2015. 
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Study of Energy Consumption per HCNB
The analysis of the variance, considering the classification of the hospital by category depending on the number of beds as a factor, showed significant differences in two of the three indicators used, specifically those corresponding to the number of workers and the number of beds per hospital, with the indicator relating to energy consumption as a function of the number of workers being the most significant difference (F(3,18) = 8.04; p ≤ 0.05). Given these significant differences, an analysis of multiple comparisons (post-hoc test) was performed using Fisher's test. Table 3 shows the values obtained in Fisher's test for the indicator as a function of the number of beds. It was concluded that, considering the HCNB factor, there is a direct relationship between energy consumption as a function of the number of workers and the number of beds in each hospital, but not for the built area indicator. Table 3 shows that the two categories that represent significant differences from, but not between, the other categories are those corresponding to HCNB 3 and HCNB 4. These categories correspond to the hospitals with the highest number of beds, namely over 501 and 1000 beds, respectively. It was also observed that in the couple groups in which lower bed categories coincide with higher bed categories, HCNB 3-HCNB 1, HCNB 4-HCNB 2, and HCNB 4-HCNB 1, show significant differences. This can be considered normal. However, it should be noted that there is one case in which this criterion is not met, namely the HCNB 3-HCNB 2 group.
Energy Consumption as Related to GDP
The results collected when considering the GDP as a factor show significant differences in the average annual consumption of energy in a hospital in regard to the built area of the hospital (p Surface 0.01) and the number of beds (p Beds 0.04), and no statistical significance according to the number of workers (p Workers 0.43). Therefore, it can be concluded that there is a direct relationship between the energy consumption based on the number of beds in a hospital. It is interesting to note that of the three GDP groups analyzed with respect to the surface indicator, the average energy consumption values obtained were very similar in the hospitals of GDP1 (0.19 MWh/m 2 ) and GDP2 (0.24 MWh/m 2 ). However, this energy consumption increases considerably in the case of hospitals within the GDP3, where a value of 0.45 MWh/m 2 is obtained. This increase also occurs in the analysis of the number of beds. In this case, the data obtained were 26.83 MWh/m 2 for GDP1, 20.25 MWh/m 2 for GDP2 and 35.28 MWh/m 2 for GDP3.
Energy Consumption as Related GL
In this study, the only indicator that has had statistical significance in the ANOVA is the one that analyzed the consumption per unit of built area (p Surface 0.04) in relation with the factor that takes into account the geographical location factor, unlike the consumption/number workers (p Workers 0.74) or consumption/number beds (p Beds 0.11), where no significance is observed. Therefore, geographical location indeed influences the energy consumption in the hospitals analyzed.
Study of Energy Consumption in Time Intervals
With regard to the question raised in Section 2.3 on energy consumption in relation to the number of beds, workers, and the surface area of hospitals, one of the possible causes of the sharp reduction in energy consumption between 2005 and 2009 was the result of the economic crisis in Europe, which also had a major impact on the German economy. An ANOVA test was carried out to verify this possible influence, using the average energy consumption between 2005 and 2009 and between 2010 and 2015 as an indicator. Significant differences were found in one of the three indicators used. Specifically, statistical significance was observed (Table 2 ) with the indicator related to the number of beds (p Beds 0.02) but it did not exist for the indicators related to the built area of the hospital (p Surface 0.59) and the number of workers (p Workers 0.64).
According to a study conducted by Destatis (2015) in Germany [14] , number of hospital beds decrease by 10% between 2000 and 2015. However, Germany still has the densest network of hospital beds in all EU states; in 2015, 611 hospital beds per 100,000 inhabitants were available in Germany. This was almost three times more than in Sweden, where there were 226 hospital beds per 100,000 inhabitants (−27% compared to 2000). In most other EU countries, bed capacity has also declined significantly in recent years. The reasons for this decrease lie in the shorter hospital stays due to cost pressure, the coincidence of a period of economic decline, and finally, the emergence of more effective treatment methods. Figure 6 shows the significant and progressive decline in the number of beds in Germany from 2005 to 2009, the year in which the decline stabilized, coinciding with the period of the most significant impact of the economic crisis in Europe [15] .
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Indicators of Average Annual Energy Consumption in Public Hospitals in Germany
The three histograms shown in Figure 7 show the distribution of the average annual energy consumption according to (a) the built area, (b) the number of workers, and (c) the number of beds, with each bar representing the frequency of the values proportionally. This figure also shows that all the distributions are reasonably close to the Gaussian distribution (normal). The average values of these distributions can, therefore, be considered as indicators of the consumption of German hospitals. In particular, the average values found are as follows: 0.27 MWh/m 2 , 14.37 MWh/worker, and 23.41 MWh/bed. 
Discussion
The hospitals analyzed in the sample are similar in terms of size and basic infrastructure, as a high correlation between the values analyzed has been observed. A large part of the potential energy savings in a hospital has been found to be directly related to its daily management [16] . It is, therefore, possible to act directly through workers, through energy-saving awareness and training campaigns, seeking comfort in the hospital through the rational use of energy [17] . In general, there has been a growing awareness of the need to optimize resources and facilities to reduce energy consumption [18] .
The key performance indicator (KPIs) used to measure energy consumption in a hospital must be understandable, measurable, and practical in terms of cost and time [19] . The information on hospitals in Germany included in the EU Eco-Audit has been found to not always be homogeneous, nor have the same criteria when recording data and, therefore, not adequately quantifying the parameters analyzed. However, the EU Eco-Audit is considered to be an excellent tool for designing and implementing procedures that help to obtain the appropriate information to generate conclusions about the sustainability of a hospital. Besides, there has been an increase in the number of hospitals joining the EU Eco-Audits in Germany in recent years.
It is interesting exploring how meaningful energy benchmarks can be constructed for hospital buildings. It is a category encompassing complex buildings with different setups and large variability between them [20] .
The adjustments of the regression lines obtained in the research are exact in terms of the three indicators considered: built area, and number of workers and beds. The conclusions from the point of view of energy consumption are that German hospitals behave quite proportionally to the area, the number of beds, and the number of workers. This coincides with the results obtained in a similar study in Spanish hospitals [21] . A high correlation was also obtained in the three indicators, similar to that obtained in the paper [22] . However, when analyzing the equations of the regression lines, the slopes of the surface area and number of workers indicators were different, but not compared to the number of beds, where the value obtained for the slope in the case of Spain compared to the slope obtained in the German hospitals was very similar. The percentage value obtained was 7.98% higher in Germany, which makes it possible to use the indicator according to the number of beds as an overall estimator when comparing the energy consumption of hospitals in both countries.
Operational hospitals should implement an energy conservation and efficiency program that progressively reduces their energy consumption [23] . An appropriate strategy would include reducing energy consumption by at least 5% in the first year and then reaching an annual energy saving of 2.5% progressively. An energy-management system to be implemented in hospitals [24] to set energy goals, objectives, and action plans would help to achieve this [25] . However, inadequate temperature or lighting levels in a hospital can alter the medical diagnosis, and the regulation and careful use of ventilation can also directly affect infection control. Energy-saving measures cannot compromise the health of the users due to the particular characteristics of this type of building [26] . 
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However, lighting loads are dominant in low-energy-intensity department types. In addition, intensive department types have high loads, which they used for specialist ventilation and laboratory equipment [27] .
The analysis of each one of the areas of a hospital should be studied in further depth in the future. The consumption of each medical-assistance service must be known with a certain degree of accuracy and so that specific energy-saving measures can be designed. For this purpose, enthalpy meters should be installed, which allow obtaining homogeneous readings on which internal consumption parameters to establish.
Materials and Methods
The energy consumption of 23 public hospitals located in various German states was analyzed, using the different factors shown in Table 1 . The data analyzed were obtained from the different EU Eco-Audits carried out in the hospitals mentioned above during the period 2005-2015. The Eco-Management and Audit Scheme, known as EU Eco-Audits, is a voluntary environmental-management procedure established in the EU [28] , which recognizes organizations that have implemented an Environmental Management System [29] and have made a commitment to continuous improvement, verified by independent audits [30] .
In total, 90 EU Eco-Audits hospital statements were analyzed [31] . The number of beds has been obtained from data published annually by the Deutsches Krankenhaus Gesellschaft [32] and the number of information workers from the included in the EU Eco-Audit. The average was calculated over the range of years analyzed. In terms of built area, the area adapted for care use and common areas was taken into account [33] .
The final energy consumption was obtained as electricity consumption after conversion of the corresponding thermal energy into equivalent electricity consumption [34] .
In all the correlations represented in figures, the time period considered was from 2005 to 2015 and the data were modulated through variables subject to control. In this way, the Pearson correlation coefficient was calculated to measure the linear correlation between two variables.
Two analyses were carried out to assess the energy consumption of hospitals and to determine the factors influencing this consumption. In the first analysis, the average energy consumption was studied according to the following indicators: built surface area, number of employees, and number of hospital beds. The second analysis was carried out to obtain more detailed results from the statistical data used; in particular, ANOVA was used with the factors presented in Table 1 . The factors used for this research are those corresponding to the hospital category depending on the HCNB, the GDP, the HDDY, the CDDY, the GL, and the Range of years corresponding to the temporal analysis. Table 4 shows the distribution of factors by hospital. In this sense, it is important to emphasize that the ANOVA test requires that the samples follow a normal distribution and have the same variance. The normality was contrasted by Levene's test [35] , taking into account that, if the p-value obtained in this test is higher than the 5% level of significance, the normality hypothesis cannot be rejected and is, therefore, assumed to be true.
GDP is a monetary measure in a period of time of the market value of all the final goods and services produced in a country. To determine the economic performance of a region, GDP estimates were used. The GDP was divided into three groups according to the average GDP in Germany.
German hospitals were divided according to the climatic zone where they were located, using the criteria established in Norm DIN 4710:2003-01 [36] .
lower than in the period 2005-2009. However, no relationship was found between energy consumption and the weather conditions outside hospitals, according to their degree-days.
The indicator dependent on the number of beds was shown to be the most suitable as a reference indicator to quantify the average energy consumption of a hospital. This indicator is one of the most widely used indicators in the EU Eco-Audit reports analyzed, and has been found to be consistent and is usually adequately quantified.
The average annual energy consumption of a German hospital under normal operating conditions has been determined to be 0. 27 Funding: This research received no external funding.
